Fluorescent protein that detects caspase-3 activation was used for the time-lapse observation of CTLtarget cell interaction. In the target cells transfected with SCAT3.1 (caspase-3-sensitive fusion protein) complementary DNA, caspase-3 activation can be detected significantly earlier than the commonly used annexin-V binding that detects membrane change in apoptotic cells. Moreover, during the cytolytic interaction between OE4 CTL and W3 tumor target cells, detachment of CTL from the target cells occurred prior to caspase-3 activation and death of the target cells, indicating very early sensing of apoptotic target cells by CTL. This early detachment of OE4 CTL from W3 target cells was inhibited by the expression of CD80 co-stimulatory molecule on the target cells. Taken together, time-lapse observation of cellular interaction with functional probe, SCAT3.1 provides new kinetic information and demonstrates that co-stimulatory molecules regulate the kinetics of CTL-target cell interaction.
The development of two-photon laser microscopy has provided a useful tool to observe cellular interaction in vivo. With this technology, it is now possible to analyze cellular movement and interactions among cells of the immune system at different stages of immune response in vivo (1, 2) . However, at present, it is impossible to monitor biochemical changes occurring in the interacting cells in vivo.
Small molecular probes are widely used to detect biochemical changes in the cell in in vitro systems (3-6) at the single-cell level (7, 8) . However, the use of these probes in vivo is limited due to the difficulty of introducing these probes into cells in animals and the very short in vivo half-life of the probes. Recently, fluorescent protein-based probes that detect various cellular functions were developed by ours (9, 10) and other groups (7, 8, 11, 12) . Genes encoding these protein probes can be introduced into cells either by transfection or by transgenic methods. Biochemical changes of cells expressing these protein probes can be monitored in vivo and there is no limit to the duration of observation in vivo. Although the combination of two-photon laser microscopy and new fluorescent probe technology is expected to provide new methods for the real-time observation of cellular interactions with biochemical changes, previous methods for the real-time observation of caspase-3 activation are only applicable for the in vitro experiment by using traditional fluorescence or confocal microscopy (7) (8) (9) (10) (11) (12) . Here, we used a fluorescent probe that detects caspase-3 activation (SCAT3.1) (9, 10) in cells with multi-photon laser microscopy and demonstrated that the time-lapse observation of CTLtarget cell interaction with this functional probe provides new insights, namely, the early detection of cell death by CTL and the co-stimulatory molecule-dependent attachment of CTL. Thus, the SCAT3.1 functional probe would allow in vivo observation of biochemical changes in the cells and be a useful tool not only in immunology but also in wide range of cell biology.
Methods

Mice
ROSA-lox-stop-lox-SCAT3.1 knock-in (KI) reporter mice were generated by homologous recombination in a BDF1-derived ES cell line using a targeting construct in which complementary DNA (cDNA) encoding a lox-stop-lox-CAG-SCAT3.1 was inserted into ROSA26 locus. Details of the generation and characterization of ROSA-lox-stop-lox-SCAT3.1 KI mice will be reported elsewhere. ROSA-CAG-SCAT3.1 KI mice were generated by mating ROSA-lox-stop-lox-SCAT3.1 KI mice and CAG-Cre mice (13) and used for experiments.
Cells and reagents
Peritoneal exudate macrophages were prepared by intraperitoneally injecting thioglycollate (3%) into EGFP-transgenic mice (14) . Three days after injection, peritoneal exudate cells were collected. Anti-H-2K d CTL line OE4 was established as described previously (15 )-derived T cell line WR19L cells with mouse Fas cDNA as described previously (16) , and WEHI279 were cultured in vitro and transfected with SCAT3.1/pcDNA4-HisMaxB (10). W3-SCAT3.1-CD80 was established by infecting SCAT3.1-expressing W3 cell line with pMX-mCD80 retrovirus (kindly provided by T. Yokosuka, Research Center for Allergy and Immunology, RIKEN). Soluble Fas ligand (sFasL) was purified from culture supernatant of 293T cells transfected with FIZ-shFasL/pEF-BOS (17) . CellTracker Green was purchased from Invitrogen (Carlsbad, CA, USA).
Time-lapse observation
For imaging, cells were placed on a poly-L-lysine coated glass-bottomed dish and the dish was placed in a heated chamber set at 37°C with 5% CO 2 . Images were acquired with an MD-2 equipped with Apo 633 and 1.4 NA or Apo 403, 1.25 NA and oil-immersion objective (Leica Microsystems GmbH, Wetzlar, Germany). SCAT3.1, CellTracker Green and EGFP molecules were excited by two-photon laser light at 820 nm (Mai tai, Spectra-Physics, Mountain View, CA, USA), and emission signals from enhanced cyan fluorescent protein (ECFP) and Venus were detected in the ranges of 460-510 nm and 520-570 nm, respectively. Signals from CellTracker Green and EGFP were detected by both ECFP and Venus channels. Time-lapse images were captured at 15 s intervals. To distinguish living cells and dead cells easily, signals of ECFP and Venus channels were presented as pseudo colors of green and red, respectively, in figures.
Flow cytometry
Cells were stained with biotinylated-anti-H-2K d , anti-CD80 and anti-CD86 followed by allophycocyanin-conjugated streptavidin (BD, Franklin Lakes, NJ, USA) and analyzed by FACSCalibur (BD). In some experiments, W3-SCAT3.1 cells were stained with allophycocyanin-conjugated annexin-V (BD) according to the protocol and then analyzed by FACSAria (BD). Emission signals from ECFP and Venus excited with laser at 405 nm were detected with 510/23 nm and 535/26 nm band-pass filters, respectively.
Western blotting
Cell lysates were prepared by washing cells in cold PBS and then re-suspending the cell pellets in sample buffer (32.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.003% bromopenol blue and 5% mercaptoethanol). The samples were incubated for 10 min at 95°C, and cell debris was pelleted before loading the sample onto an SDS-polyacrylamide gel (10%). After electrophoresis, the proteins were transferred onto an Immobilion TM membrane (Millipore) in transfer buffer (25 mM Tris, 192 nM glycine and 20% methanol). An anti-caspase-3 rabbit polyclonal antibody (Santa Cruz Biotechnology, Inc., CA, USA) and HRP-conjugated anti-rabbit Ig were used to detect procaspase-3 and cleaved caspase-3.
Observation of intact tissues by multi-photon laser microscopy
The small intestines were dissected from mice. The lumen of small intestines were surgically exposed and washed several times with PBS to remove fecal material and mucus from lumenal surfaces and villus were observed. For excitation of SCAT3.1, Mai Tai Ti:sapphire laser (Spectra-Physics, Mountain View, CA, USA) was tuned at 820 nm. Two fluorescence channels were separated using 440 and 510 nm dichroic mirrors in combination with 480/30 (ECFP) or 535/26 enhanced yellow fluorescent protein (EYFP) nm band-pass filters and detected with a 0.8 NA 403 water immersion objective with a non-descanned detector (TCS SP2, Leica Microsystems GmbH, Wetzlar, Germany).
Results and discussion
Detection of early cell death pathway by SCAT3.1 (18) connected by caspase-3 cleavable peptide. Cleavage of the peptide by active caspase-3 impairs intramolecular fluorescence resonance energy transfer (FRET) between the two fluorescent proteins (Fig. 1A) and changes the emission wavelength (9). SCAT3.1 cDNA was introduced into Fas-sensitive T cell line 'W3' (19) by transfection. Cells were exposed to sFasL to induce cell death and monitored for changes in fluorescence. As shown in Fig. 1(B) (time-lapse movie data are shown in Supplementary video 1, available at International Immunology Online), as early as 15 min after the addition of sFasL, the cells started to change from green to brown, indicating cleavage of SCAT3.1 protein by activated caspase-3. This change was completed in all cells in 30 min.
SCAT3.1 is a fusion protein of ECFP and EYFP analog Venus
It is reported that caspase-3 activation preceded the change in membrane composition by western blot analysis with whole-cell lysate (20) . We compared caspase-3 activation detected by SCAT3.1 with other apoptotic cell death indicator, namely, membrane change to express phosphatidylserine (PS) detected by annexin-V binding at single-cell level. As shown in Fig. 1(B) , 20 min after the addition of sFasL, almost all the cells showed the change in fluorescence from Venus positive, ECFP negative to Venus negative and ECFP positive, indicating rapid activation of caspase-3, whereas only a fraction of cells started to express surface PS at this time point. The detection of apoptotic death of all cells by annexin-V binding to cell surface PS required 45 min after the addition of sFasL.
It is expected that SCAT3.1 system could detect activation of caspase-3 with very high sensitivity. We analyzed correlation of caspase-3 activation and SCAT3.1 degradation detected by flow cytometry. As shown in Fig. 1(C) , activated (cleaved) caspase-3, p17 could be detected as early as 15 min after addition of sFasL to the culture and coincidence with changes detected by SCAT3.1 (Fig 1D) . Thus, it is clear that SCAT3.1 system can be used to monitor caspase-3 activation with very high sensitivity and almost no time lag.
The difference between caspase-3 activation and the change in membrane composition could also be detected by bioassay. Peritoneal macrophages were mixed with the W3 cell line expressing SCAT3.1 in the culture. After incubating for 30 min, sFasL was added to the culture. As shown in Fig. 2 and supplementary video 2 (available at International Immunology Online), caspase-3 activation in W3 started 20 min after the addition of sFasL; however, no W3 cells were phagocytosed by macrophages at this stage. At the time of the appearance of annexin-V-positive cells (45 min after the addition of sFasL in Fig. 1B) , macrophages started to phagocytose the cells and this phenomenon is known to be dependent on the recognition of PS on the apoptotic cell membrane by macrophage via the macrophage-secreted protein, MFG-E8 (21) . It should be noted that at this time, all the cells showed caspase-3 activation as detected by the change in SCAT3.1 fluorescence (green to brown).
Thus, our results with SCAT3.1 are the first demonstration of real-time observation of the progression from caspase-3 activation to membrane change. Our observation with macrophage also confirms the relationship between caspase-3 activation, PS exposure and phagocytosis at a single-cell level. These are very critical check points for the use of this SCAT3.1 system in the future in vivo experiments since any violation in this sequence would be a serious problem for authenticity of SCAT3.1 being very early detector of caspase-3 activation. Therefore, these results indicate that intracellular SCAT3.1 protein can be used to detect very early cell death. Moreover, this method would allow us to observe caspase-3 activation and cell death in real time both in vitro and in vivo, whereas other methods, such as staining of active caspase-3 The cells were cultured with or without sFasL for indicated times and then harvested. Procaspase-3 and cleaved (activated) caspase-3 in these samples were detected by western blot as described in Methods. (D) In parallel, the same samples in (C) were analyzed in the same manner as in Fig. 1(B) and percent of Venuspositive ECFP-negative cells were calculated and plotted. and tunnel assay, require in vitro assay for the detection of cell death.
CTL-target cell interaction detected by SCAT3.1
It is well documented that, upon TCR engagement, granular exocytosis occurs rapidly and deliver perforin, granzymes and other molecules to the target cells. However, the relationship between glanular excytosis, cell death and detachment of CTL from the target cells has never been carefully studied due to the huge difference in the kinetics of target cell death among different target cells used for the studies (22) (23) (24) (25) .
When SCAT3.1-expressing W3 cells (BALB/c origin) were mixed with B6-derived CTL, OE4, which recognizes K d class I molecule (15) (Fig. 3A and first (Fig. 3A , cyan arrow). However, in a few cases (10/82 interactions), the detachment of CTL from the target cells was observed with no sign of caspase-3 activation in the target cells (Fig. 3A , red arrow and second target cell in supplementary video 3, available at International Immunology Online). However, these target cells showed caspase-3 activation and signs of apoptosis without continuous interaction with CTL. This early detachment of CTL from the target cells suggests that CTL is capable of sensing the delivery of lethal hit to the target cells or the initiation of death process in the target cells prior to caspase-3 activation.
The rapid sequential interaction between W3 and OE4 CTL could also be demonstrated by the very short duration of interaction (mean interaction time was 33 min in Fig. 3C ). In contrast, interactions of the same CTL with another target cell line, WEHI279, which expresses the same alloantigen K d , lasted much longer and CTL did not detach at all during the 120 min observation period (total 48 interactions were analyzed). It is clear that with WEHI279 target cells (Fig. 3B and C and supplementary video 4 is available at International Immunology Online) and other target cells (P815, data not shown), CTL did not detach from the target cells even after the activation of caspase-3 and signs of death, such as nuclear condensation and membrane blebbing. Thus, early detachment of CTL from W3 target cells is a unique feature of W3 cells. It should be noted that it has been demonstrated by several groups (26) that there are two types of interactions between T cells and target/antigen-presenting cells (APCs). One involves surface adhesion molecule and does not result in activation of T cells, another interaction involves both adhesion molecules and antigen-specific TCR-peptide MHC. The latter interaction is critical for the activation as well as antigen-specific cytolytic interaction between T cells and target cells (26) . Thus, in the experiments in this manuscript, we only analyzed T cell-target cell interactions that resulted in target cell death.
Unlike WEHI279 cells, W3 cells did not express costimulatory molecules, such as CD80 and CD86 (Fig. 4) . To address whether co-stimulatory molecule expression in target cells enhances the duration of CTL-target cell interaction, co-stimulatory molecule CD80 cDNA was introduced into W3. With CD80-expressing W3 (W3-CD80) target cells (Fig. 4) , OE4 CTL exhibited significantly prolonged interaction (Fig. 3C ) and no detachment of OE4 CTL from the W3-CD80 target cells prior to caspase-3 activation was Fig. 3(A) . One dot indicates one CTL-target cell interaction and means 6 SEs are shown. ***, Unpaired Student's t-test, P < 0.001. Fig. 4 . Expression of class I and co-stimulatory molecules on target cells. Indicated cells were stained with biotinylated antibodies followed by APC-conjugated streptavidin and subjected to flow cytometry.
observed. Thus, it seems that besides TCR-MHC interaction, co-stimulatory molecules control CTL-target cell interaction especially for the duration of the interaction as well as the detachment of CTL from the target cells after the delivery of lethal hit. CD8
+ T cells need to interact with cells expressing specific antigen to carryout two very different functions. Naive CD8 + T cells interact with APCs for the initial activation to express cytolytic function. This requires prolonged interaction with APCs that express numerous costimulatory molecules. Second type of interaction is for the killing of target cells by activated CTL. To achieve efficient elimination of the cells expressing specific antigen, CTL needs to kill target cells efficiently and move on to the next target cell. In this efffector phase, cells expressing antigen are not professional APCs lacking co-stimulatory molecules on the surface. Our observations are reflections of these two types of interaction between CTL and target cell/APC and suggest that, in the study of CTL-target/APC interaction, there may be a different signaling requirement for the different function of T cells.
Detection of caspase-3 activation with SCAT3.1 in living tissue from SCAT3.1-expressing mice by two-photon laser microscopy From our results indicated above, we are fully confident that SCAT3.1 system can be used for observation of caspase-3 activation with intravital two-photon microscopy. We established mice line expressing SCAT3.1 and detected apoptotic cells in intact tissue.
Apoptosis of gut epithelial cells after irradiation has been known for a long time (27, 28) . Small intestines were dissected from irradiated ROSA-CAG-SCAT3.1 KI mice and intact villus was observed by two-photon microscopy. Living cells and apoptotic cells were definitely identified by degradation of SCAT3.1 (Fig. 5A) . On the other hand, small intestine from non-irradiated mice indicated almost no apoptotic cells (Fig. 5B) . These results indicated that SCAT3.1-expressing mice with intravital microscopy is a useful system for in vivo imaging of apoptosis.
In summary, we have demonstrated that the SCAT3.1 fluorescent probe can be used for time-lapse observation of cellular function in hematopoietic cells for caspase-3 activation. This time-lapse observation has provided new knowledge of the interaction between CTL and target cells in that CTLs are capable of sensing cell death prior to caspase-3 activation. Identification of the molecules responsible for this early recognition system may provide new insights into the very early changes in apoptotic cells. We also demonstrated that the co-receptor-ligand engagement influences the duration of CTL-target cell interaction. This system could be used to elucidate how T cell-APC/target cell interaction and signaling are regulated by co-receptor molecules.
It should be noted that in all experiments in this report, we have used two-photon laser microscope for the detection of the SCAT3.1 cleavage by caspase-3 in the cells. This, in contrast to the commonly used violet light for the detection of FRET in the ECFP-EYFP combination, is critical for in vivo application of SCAT3.1. From our results shown in this manuscript, we are fully confident that SCAT3.1 system can be used for the real-time observation of caspase-3 activation with intravital two-photon microscopy. With the success of this initial characterization of the system, we have established mouse lines in that SCAT3.1 can be expressed in a cell-type-specific manner. In fact, we were able to detect early caspase-3 activation in vivo at a single-cell level. This mouse line would provide a useful model system for the realtime observation of cell death in vivo in a variety of cells and tissues at the different physiological and pathological conditions.
Supplementary data
Supplementary videos 1-4 are available at International Immunology Online.
